There is a need to isolate different populations of spermatogenic cells to investigate the molecular events that occur during spermatogenesis. Here we developed a new method to identify and purify testicular germ cells from rainbow trout (Oncorhynchus mykiss) carrying the green fluorescent protein gene driven by trout vasa regulatory regions (pvasa-GFP) at various stages of spermatogenesis. Rainbow trout piwi-like (rtili), rainbow trout scp3 (rt-scp3), and rainbow trout shippo1 (rt-shippo1) were identified as molecular markers for spermatogonia, spermatocytes, and spermatids, respectively. The testicular cells were separated into five fractions (A-E) by flow cytometry (FCM) according to their GFP intensities. Based on the molecular markers, fractions A and B were found to contain spermatogonia, while fractions C and D contained spermatocytes, and fraction E contained spermatids. We also classified the spermatogonia into type A, which contained spermatogonial stem cells (SSCs), and type B, which did not. As none of the molecular markers tested could distinguish between the two types of spermatogonia, we subjected them to a transplantation assay. The results indicated that cells with strong GFP fluorescence (fraction A) colonized the recipient gonads, while cells with weaker GFP fluorescence (fraction B) did not. As only SSCs could colonize the recipient gonads, this indicated that fraction A and fraction B contained mainly type A and type B spermatogonia, respectively. These findings confirmed that our system could identify and isolate various populations of testicular cells from rainbow trout using a combination of GFP-dependent FCM and a transplantation assay.
INTRODUCTION
Spermatogenesis involves the mitotic proliferation of spermatogonia, followed by the meiotic division of spermatocytes and spermiogenesis, in which the spermatids develop into spermatozoa. During this process, numerous hormones and gene products regulate the proliferation, differentiation, and survival of testicular cells. In teleost fish, spermatogenesis occurs synchronously within cysts, and most species have an annual reproductive cycle [1] [2] [3] . Studying the regulatory mechanism of spermatogenesis in fish testes can therefore provide unique opportunities to improve our understanding of the process. However, investigations of fish spermatogenesis have been performed mainly from the point of view of morphology and endocrinology [1] [2] [3] [4] [5] [6] , and the underlying molecular mechanisms have remained unclear.
Purifying different types of testicular germ cells would aid the study of the molecular events that occur during spermatogenesis. In fish, cell separation is generally performed by density-gradient centrifugation [7] [8] [9] ; however, it is difficult to obtain highly pure stage-specific cells without contamination using this approach. The panning technique has also been used to separate adhesive and floating cells in fish [10] [11] [12] ; this approach is useful for collecting Sertoli cells and spermatogonia from cell cultures but is not suitable for isolating different types of testicular germ cells. Although these conventional methods are simple and convenient to use, they cannot yield highly pure populations of testicular germ cells. Hence, there is a need to develop a novel method for isolating stage-specific germ cells in order to study the molecular events that occur during spermatogenesis.
Recently, pure primordial germ cells (PGCs) were isolated by green fluorescent protein (GFP)-dependent flow cytometry (FCM) from the genital ridges of transgenic rainbow trout (Oncorhynchus mykiss) carrying the GFP gene driven by trout vasa-gene regulatory sequences (pvasa-GFP) [13] . The vasa gene in fish was shown to be expressed in PGCs and cells undergoing gametogenesis, which decrease their expression level during spermatogenesis [14] [15] [16] [17] [18] [19] . FCM measures the fluorescence intensity of each cell and could therefore be a powerful method to isolate cells at different stages of spermatogenesis from pvasa-GFP transgenic fish, which show dramatic changes in their GFP intensity during the process.
There is a need to establish an objective technique to identify fish spermatogenic cells at different stages. A histological method based on cell size, nuclear shape, and cyst structure has generally been used to identify testicular cell types [3] ; however, this approach is time consuming, and it is difficult to determine the spermatogenic stage of the isolated cells.
In the current study, we developed a novel method to identify and purify trout testicular germ cells. The first aim of this study was to characterize stage-specific molecular markers in order to identify isolated cells objectively. The second aim was to purify stage-specific cells from pvasa-GFP transgenic rainbow trout testes using FCM. We initially cloned rainbow trout homologs of piwi, Scp3, and Shippo1 as candidate molecular marker genes. Drosophila PIWI is essential for maintaining germ-line stem cells [20] . The members of the PIWI family, which contain PAZ and PIWI domains [21] , have been highly conserved during the evolution of species ranging from insects to mammals and play essential roles in the self renewal of germ-line stem cells and spermatogenesis [20, [22] [23] [24] . We therefore isolated rainbow trout homologs of the PIWI family as candidate spermatogonial markers. The synaptonemal complex (SC) is located along the paired meiotic chromosomes [25] . Three meiosis-specific components of the SC have been characterized in mammals: SCP1, SCP2, and SCP3 [26] [27] [28] [29] . SCP3 is a component of the axial/lateral element of the SC and is expressed in spermatocytes from the leptotene to the late meiotic stages [27, 28] . We therefore cloned the SCP3 rainbow trout homolog as a candidate spermatocyte marker. SHIPPO1 (also known as outer dense fiber 3 or ODF3), which encodes a highly hydrophobic protein and exists in the cytoplasm of spermatids and along the entire length of the tail of spermatozoa, was also cloned as a candidate spermatid marker [30] .
Additionally, in order to separate spermatogonia, spermatocytes, and spermatids from rainbow trout testes, testicular cells from pvasa-GFP rainbow trout were fractionated by FCM on the basis of their GFP intensities.
MATERIALS AND METHODS

RNA Isolation and cDNA Synthesis
Testes were isolated from a 12-mo-old rainbow trout, with a gonad-somatic index (GSI) of 0.029%, which had been reared under a natural photoperiod at 108C. Total RNA was extracted from the testes using Isogen (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. The quality of the isolated RNA was examined by spectrophotometry and denaturing gel electrophoresis. An aliquot (2 lg) of total RNA was used for first-strand cDNA synthesis. Reverse transcription (RT) was performed using Ready-ToGo You-Prime First Strand-Beads (GE Healthcare, NJ) with the adapter-oligo (dT) primer 5 0 -CTGATCTAGAGGTACCGGATCCTATAGGGCACGCGT-GGT 18 -3 0 , according to the manufacturer's instructions. All procedures described herein were conducted in accordance with the International Guiding Principles for Biomedical Research Involving Animals as promulgated by the Society for the Study of Reproduction.
Cloning and Sequencing of Rainbow Trout piwi-like (rtili), Rainbow Trout scp3 (rt-scp3), and Rainbow Trout shippo1 (rt-shippo1)
The polymerase chain reaction (PCR) was performed using 1 lM of each primer, 1 ll of cDNA from the rainbow trout testes, 400 lM dNTP, 2.5 lM MgCl 2 , and 2.5 lM La Taq Buffer (Takara Bio Inc., Shiga, Japan) with 0.5 units of Takara La Taq (Takara Bio Inc.) in a total volume of 10 ll.
rtili. Two partial cDNA fragments of the rainbow trout Mili homolog (Fig. 1a, fragments 1 0 primers was used to amplify the DNA fragment between 1 and 2 ( Fig. 1a, fragment 3) . The RT-PCR conditions are shown in Table 1 . After determining the DNA sequence of the partial cDNA fragments (Fig. 1a, fragments 1-3 (Fig. 1a, fragment 5 ). The PCR conditions are shown in Table 1 .
rt-scp3. The highly conserved region of mouse Scp3 (NM_011517 in GenBank) and zebrafish partial cDNA (BQ479743 and BQ479518 in GenBank), which showed high similarity to mouse Scp3, were used to design primers scp3 F1 5 0 -TCAGAAAMTKGARCARATKTGGAA-3 0 and scp3 R1 5 0 -TAYARCATGGAYTGAAGAGACTT-3 0 (Fig. 1b, fragment 1) . After determining the DNA sequence of a partial cDNA fragment, 3 0 -RACE PCR and 5 0 -RACE PCR were used to isolate a full-length cDNA. Primers 3 0 -rtscp3 F1 5 0 -TGAGATGGCAGTGTTGCAGAAGA-3 0 and 3 0 -rtscp3 F2 5 0 -TCATGT-TAAGGAATAAATACAGGATGCA-3 0 were designed for 3 0 -RACE PCR (Fig. 1b, fragment 2), and primer 5 0 -rtscp3 R1 5 0 -TCAGCTTCTGCCTTT-GATGCATACTG-3 0 was designed for 5 0 -RACE PCR (Fig. 1b, fragment 3 ). The degenerate, 3 0 -RACE, and 5 0 -RACE PCR conditions are shown in Table 1 . rt-shippo1. A partial rainbow trout Shippo1 homolog cDNA fragment (Fig. 1c, fragment 1 ) was amplified from the cDNA of the rainbow trout testes with shippo F1 5 0 -TCTACAGCAGCCCTGGACCCAAGT-3 0 and shippo R1 5 0 -TGAACTCAGAATGACGAATTCCGA-3 0 primers designed from the rainbow trout expressed sequence tag (TC47547 in the Institute for Genomic Research Sequence Database: http://compbio.dfci.harvard.edu/tgi) that showed high similarity to mouse Shippo1. 3 0 -RACE PCR was carried out using 3 0 -rtshippo1 F1 5
0 -TTCACCAGGATCAACCTCCAA-3 0 and AP2 primers (Fig. 1c , fragment 2). 5 0 -RACE PCR was carried out using 5 0 -rtshippo1 R1 5 0 -TAGTTCA-GACCTGTCGCTCCAGGCA-3 0 and GR1 primers (Fig. 1c, fragment 3 ). The degenerate, 3 0 -RACE, and 5 0 -RACE PCR conditions are shown in Table 1 .
Northern Blot Analysis
Total RNAs were extracted from the brain, gill, heart, liver, spleen, gut, kidney, and muscle of a 3-yr-old male rainbow trout and from the testes (GSI ¼ 0.039% or 0.459%) or ovaries (GSI ¼ 0.457%) of 12-mo-old rainbow trout using the method described previously. A 30-lg sample of each total RNA was used for Northern blotting. The full-length cDNAs of rtili, rt-scp3, and rt-shippo1 were labeled with [a-32 P] dCTP (MP Biomedicals, CA) by the random-priming method using an oligo labeling kit (GE Healthcare). The blotting and hybridization procedures are described elsewhere [31] .
FIG. 1. Structures of full-length rtili (a)
, rt-scp3 (b), and rt-shippo1 (c) cDNAs and amplified regions using degenerate and specific primers. a) Fragment 1 corresponding to nucleotides 1559-1821 and fragment 2 corresponding to nucleotides 2739-3123 of the rtili sequence were amplified by degenerate primers (mili F1 and mili R1 for fragment 1 and mili F2 and mili R2 for fragment 2). Fragment 3 corresponding to nucleotides 1764-2793 of rtili was amplified using specific primers (mili F3 and mili R3) designed from the sequence data of fragments 1 and 2. 3 0 -RACE PCR was performed using 3 0 -rtili F1 and AP1, 3 0 -rtili F2 and AP2 primers to amplify fragment 4 corresponding to nucleotides 3071-4205. The 5 0 -rtili R1 and GR1 primers were used to amplify fragment 5 corresponding to nucleotides 1-1651 of rtili. b) scp3 F1 and scp3 R1 primers were used to amplify fragment 1 corresponding to nucleotides 602-996 of the rt-scp3 sequence. 3 0 -RACE PCR was performed using 3 0 -rtscp3 F1 and AP1, 3 0 -rtscp3 F2 and AP2 primers to amplify fragment 2 corresponding to nucleotides 908-1312. 5 0 -RACE PCR using 5 0 -rtscp3 R1 and GR1 primers was used to amplify fragment 3 corresponding to nucleotides 1-655 of rt-scp3. c) shippo F1 and shippo R1 primers were used to amplify fragment 1 corresponding to nucleotides 213-889 of the rt-shippo1 sequence. 3 0 -RACE PCR using 3 0 -rtshippo1 F1 and AP2 primers was used to amplify fragment 2, which corresponded to nucleotides 834-1058 of rt-shippo1. 5 0 -RACE PCR using 5 0 -rtshippo1 R1 and GR1 primers was used to amplify fragment 3 corresponding to nucleotides 1-268 of rtshippo1.
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Semiquantitative PCR of Maturating Testes
In order to determine the expression patterns of rtili, rt-scp3, and rtshippo1 at different stages of maturity, RT-PCR was performed using specific primers. cDNAs from testes containing only type A spermatogonia (GSI ¼ 0.080%), those with lobules containing both type A and type B spermatogonia (GSI ¼ 0.100%), those containing spermatocytes together with type A and type B spermatogonia (GSI ¼ 0.350%), and those containing spermatids and spermatozoa in addition to type A spermatogonia (GSI ¼ 3.200%) were synthesized from 16-mo-old male fish. In order to obtain semiquantitative results, we performed 25 PCR cycles using real rtili- 
In Situ Hybridization
In situ hybridization of rtili, rt-scp3, and rt-shippo1 was performed as described previously by Sawatari and colleagues [32] . After colorimetric reactions had been performed, the slides were counterstained with methyl green (Division Chroma, Muenster, Germany).
Immunohistochemistry
Prior to sorting the stage-specific spermatogenic cells from the pvasa-GFP transgenic fish using GFP-dependent FCM, it was important to identify the GFP expression levels at the different stages. We thus performed an immunohistochemical analysis of the pvasa-GFP transgenic fish testes with a GFP antibody (Roche Diagnostic, Manheim, Germany). Tissues from the pvasa-GFP transgenic rainbow trout testes were fixed for 16 h in Bouin fluid, dehydrated, and embedded in paraffin. For the immunohistochemical localization of GFP, 5-lm sections were mounted on 3-aminopropyltriethoxy silane (APS)-coated slides (Matsunami Glass, Tokyo, Japan), deparaffinized, and rehydrated. The immunoreactions were performed using a Vectastain Elite ABC kit (Vector Laboratories, CA), and visualized using a 3,3 0 -diaminobenzidine (DAB) substrate kit (Vector Laboratories) according to the manufacturer's protocol. Anti-GFP (Roche Diagnostic) was used at a final dilution of 1:500 in PBS as the primary antiserum. Subsequently, the slides were washed in distilled water and counterstained with hematoxylin.
Isolation of Testicular Cells by FCM
GFP-dependent cell sorting was used to isolate the testicular cells from 16-mo-old pvasa-GFP transgenic fish, according to the method of Kobayashi and colleagues [13] . The testicular cells were separated into five fractions. A sample of 1000 cells from each fraction was resuspended in PBS containing 5% FBS to analyze the morphology, and 2000 cells were resuspended in Isogen to isolate RNAs for real-time PCR.
Real-Time PCR
We analyzed isolated testicular cells using real-time PCR in order to identify the spermatogenic stage based on the molecular markers rtili, rt-scp3, and rt-shippo1. We also identified populations containing somatic cells using the cell marker gsdf [32] . The amplification of cDNA samples was performed using the iQ SYBR Green Supermix RT-PCR kit (Bio-Rad Laboratories, CA) in an iCycler real-time detection system (Bio-Rad Laboratories) under the following conditions: 958C for 3 min, followed by 40 cycles of 20 sec at 958C, 20 sec at 628C, and 20 sec at 728C. The primer sequences were as follows: real rtili-Fw and real rtili-Rv for rtili, real scp3-Fw and real scp3-Rv for rt-scp3, real shippo1-Fw and real shippo1-Rv for rt-shippo1, real gsdf-Fw 5 0 -ATCTTTTGTCCTCCAGTCCTCGGA-3 0 and real gsdf-Rv 5 0 -CTGCAGGTT-GAGGGCTCCAATAA-3 0 for gsds, and real actin-Fw and real actin-Rv for beta-actin. The beta-actin gene expression was analyzed as an internal control of equal RNA loading with the primers real actin-Fw and real actin-Rv as described previously. Data were analyzed using the comparative cyclethreshold method [33] .
Germ-Cell Transplantation Assay
Spermatogonia can be classified into two subtypes: type A, which contain spermatogonial stem cells (SSCs), and type B, which are committed to differentiate into spermatocytes. Recently, the capabilities of rainbow trout SSCs to self-renew and differentiate into gametes of both sexes have been demonstrated by the transplantation of type A spermatogonia [34] . Moreover, the colonization efficiency and percentages of recipients containing mature gametes were shown to be similar in this previous study [34] . These facts suggest that most germ cells that colonize recipient gonads behave like SSCs and produce large numbers of mature gametes. The detection of colonization activity through a transplantation experiment thus appears to be a good indicator of the type A spermatogonia fraction containing SSCs. Donor cells were therefore initially prepared from cell fractions A and B, which were isolated by FCM. Approximately 3000 cells from each fraction were then transplanted into recipient fish according to the method of Takeuchi and colleagues [35] . The dissociated testicular cells from 7-mo-old immature testes, which contained approximately 3000 type A spermatogonia, were then transplanted into recipient fish as a control.
RESULTS
Cloning of Candidate Marker Genes
The marker rtili (AB331649 in GenBank) encodes a protein of 1055 amino acids, which has PAZ and PIWI domains. Its predicted amino-acid sequence is 61.0% identical and 87.5% similar to that of mouse MILI. Phylogenetic trees based on the 
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amino-acid sequences of PIWI family members revealed that Rtili belonged to the MILI branch (Fig. 2a) . The cloned cDNA that we named rt-scp3 (AY601674 in GenBank) encoded 239 amino acids and showed 56.0% identity and 74.0% similarity to mouse SCP3. The phylogenetic trees based on amino-acid sequences revealed that Rtscp3 was strongly associated with SCP3 (Fig. 2b) .
The marker rt-shippo1 (AY601673 in GenBank) encoded 249 amino acids, which included Cys-Gly-Pro repeats at the carboxy (C)-terminal end, and showed 50.0% and 49.0% identity with mouse and human SHIPPO1, respectively. The phylogenetic trees based on amino-acid sequences revealed that the isolated gene was an ortholog of Shippo1 (Fig. 2c) .
Expression of rtili, rt-scp3, and rt-shippo1
The Northern blot analysis showed that rtili, rt-scp3, and rtshippo1 were expressed specifically in the gonads (Fig. 3) . The length of rtili was estimated to be 4 kbp, and its expression was detected in the testes and strongly in the ovaries (Fig. 3 ). An rtscp3 transcript of about 1.5 kbp was present in both the testes and the ovaries, and an rt-shippo1 transcript of about 1 kbp was detected in the testes and weakly in the ovaries (Fig. 3) .
Semiquantitative RT-PCR was used to identify the mRNA levels in the maturating testes at each stage: those containing only type A spermatogonia (Fig. 4, testis 1) , those with lobules containing both type A and type B spermatogonia (Fig. 4, testis  2) , those containing spermatocytes together with type A and type B spermatogonia (Fig. 4, testis 3) , and those containing spermatids and spermatozoa in addition to type A spermatogonia (Fig. 4, testis 4) . As shown in Figure 4 , rtili was detected at all stages and was strongly expressed in testes with lobules containing both type A and type B spermatogonia (testes 2 and 3). By contrast, rt-scp3 was not expressed in testes that only contained spermatogonia (testes 1 and 2) and was expressed in testes with spermatocytes (testis 3). Furthermore, the expression of rt-shippo1 was observed only in testes containing spermatids and spermatozoa (testis 4).
In situ hybridization of adult testes was used to examine the cell-type-specific expression of three candidate marker genes. Cells positive for rtili were detected only in type A and type B spermatogonia (Fig. 5b) . Moreover, rt-scp3 and rt-shippo1 , and Rt-shippo1 (c). Trees were constructed by the unweighted pair-group method with arithmetic mean (UPGMA) by GENETYX ver. 7.0.3 (Genetyx Corp., Tokyo, Japan). Horizontal distances are proportional to evolutionary divergence expressed as substitutions per site. The GenBank accession numbers of the aligned amino-acid sequences were as follows. a) Drosophila PIWI; AAD08705, MIWI (mouse piwil1); BAA93705, MILI (mouse piwil2); BAA93706, Ziwi (zebrafish piwil1); NP_899181, Zili (zebrafish piwil2); ABM46842. b) Medaka Scp1; BAE45256, medaka Scp3; BAD36840, mouse SCP1; NP_035646, mouse SCP2; NP_796165, mouse SCP3; NP_035647, rat SCP1; NP_036942, rat SCP2; NP_57009, rat SCP3; CAA53430. c) Human ODF1; NP_077721, human ODF2; AAD22544, human ODF3; NP_444510, mouse ODF1; NP_032783, mouse ODF2; AAB87525, mouse ODF3; NP_081295, Xenopus ODF3; CAJ83130.
FIG. 3. Northern blot analysis of rtili (top)
, rt-scp3 (middle), and rtshippo1 (bottom) in various adult rainbow trout tissues (brain, gill, heart, liver, spleen, gut, kidney, muscle, ovary, and testis). The expression levels of rtili (top), rt-scp3 (middle), and rt-shippo1 (bottom) were restricted to gonadal tissue. were expressed specifically in primary spermatocytes (Fig. 5d) and spermatids ( Fig. 5f ), respectively.
GFP Expression in pvasa-GFP Transgenic Rainbow Trout Testes
An immunohistochemical analysis with a GFP-specific antibody was used to identify GFP-positive cells in the transgenic pvasa-GFP rainbow trout testes (Fig. 6) . Strong staining was detected in the cytoplasm of type A spermatogonia adjacent to the lobule boundary wall (Fig. 6 ). The GFP protein expression level dramatically decreased in type B spermatogonia and that of spermatocytes were even lower (Fig. 6 ). The GFP protein was not detected in spermatids and spermatozoa (Fig. 6 ).
Morphological and Molecular Characterization of Isolated Cells
The GFP intensities of the various testicular cells isolated from the pvasa-GFP transgenic rainbow trout were analyzed by FCM (Fig. 7a) . Fraction A contained cells showing strong fluorescence, with diameters of approximately 15 lm and heterochromatin clumps (Fig. 7b, arrowheads) . Fraction B contained cells showing weaker fluorescence, with diameters of approximately 10 lm and large nuclear bodies (Fig. 7b) . Extremely weak fluorescence was also detected in the cells of fraction C (Fig. 7b) ; this contained cells with diameters of approximately 8 lm and smaller nuclear bodies than the cells in fraction B (Fig. 7b) . The GFP-negative fractions D and E contained cells that were smaller than 5 lm (Fig. 7b) . In   FIG. 4. Expression of rtili, rt-scp3 , and rtshippo1 during testis maturation. PCR amplification was performed by each specific primer. The cDNA from testes containing only type A spermatogonia (1), those with lobules containing both type A and B spermatogonia (2), those containing spermatocytes together with type A and B spermatogonia (3), and those containing spermatids and spermatozoa in addition to type A spermatogonia (4) from 16-mo-old individuals were used for PCR. rtili (top), rtscp3 (middle), and rt-shippo1 (bottom) were expressed predominantly in testes with type B spermatogonia (testes 2 and 3), those with spermatocytes (testis 3), and those with spermatids and spermatozoa (testis 4), respectively. beta-actin was used as an internal control for the PCR. Bar ¼ 50 lm. rtili (a, b), rt-scp3 (c, d) , and rt-shippo1 (e, f ) in 16-mo-old testes. rtili, rt-scp3, and rt-shippo1 expression as revealed by section in situ hybridization (b, d, and f ). Sequential sections of b, d, and f were stained with hematoxylin and eosin (a, c, and e, respectively). rtili, rtscp3, and rt-shippo1 were expressed mainly in type A and B spermatogonia (a), primary spermatocytes (d), and spermatids (f), respectively. SG-A, Type A spermatogonia; SG-B, type B spermatogonia; SC, spermatocyte; ST, spermatid; SZ, spermatozoa. Bar ¼ 50 lm.
FIG. 5. Expression of
FIG. 6.
Identification of GFP expression levels in spermatogenic cells in pvasa-GFP rainbow trout testes at various stages. Immunohistochemistry was carried out using a GFP antibody. Strong staining was detected in the cytoplasm of type A spermatogonia. The GFP protein expression levels dramatically decreased in type B spermatogonia, and those of spermatocyte were even lower. SG-A, Type A spermatogonia; SG-B, type B spermatogonia; SC, spermatocyte; ST, spermatid. Bar ¼ 50 lm.
addition, a few cells with diameters of approximately 7 lm were observed in fraction E (data not shown).
We further characterized the fractionated testicular germ cells using real-time PCR with the somatic marker gsdf and the germcell markers described previously (Fig. 7c) . The spermatogonia marker rtili was expressed mainly in fractions A and B (Fig. 7c) . By contrast, the spermatocyte marker rt-scp3 was expressed mainly in fractions C and D (Fig. 7c) . The spermatid marker rtshippo1 and the somatic-cell marker gsdf were detectable only in fraction E (Fig. 7c) . Notably, rtili was more strongly expressed in fraction B than fraction A, and rt-scp3 was more strongly expressed in fraction C than fraction D (Fig. 7c) .
Identification of Stem-Cell Populations by Transplantation Assay
Observations of the recipient embryos at 60 days posttransplantation revealed that the donor cells from GFP-positive fraction A were incorporated into the genital ridges of the recipients (51.0% 6 9.0%), producing colonies containing 10.1 6 3.8 cells (Fig. 8) . This value was not significantly different from the control ( Fig. 8 ; colonization efficiency ¼ 53.6% 6 11.3%; cell number per colony ¼ 11.3 6 3.8). By contrast, the donor cells from fraction B were not incorporated into the recipient gonads (Fig. 8) .
DISCUSSION
We initially established a method to identify fish testicular germ cells at various stages of spermatogenesis. In situ hybridization showed that rtili, rt-scp3, and rt-shippo1 could be used as markers of spermatogonia, spermatocytes, and spermatids, respectively. Semiquantitative PCR showed that the spermatogonia marker rtili was expressed more strongly in testes that contained type B spermatogonia than testes containing only type A spermatogonia. These results suggest that rtili is more strongly expressed in type B spermatogonia than in type A spermatogonia. Comparing the rtili levels in the spermatogonia cell fraction can therefore help to identify the two types of spermatogonia.
Next, we isolated different types of spermatogenic cells from pvasa-GFP rainbow trout by GFP-dependent FCM. Fractions A and B contained large cells with large nuclear bodies, which were similar to those of the spermatogonia observed in the tissue section. Real-time PCR showed that rtili was more strongly expressed in fraction B than in fraction A, suggesting that they contained mainly type B and type A spermatogonia, respectively. The immunohistochemical observations showed that single type A spermatogonia adjacent to the lobule boundary wall expressed GFP more strongly than type B spermatogonia. In order to confirm this point, we performed a transplantation assay, which is an established technique for use with rainbow trout [34] . The transplantation experiment showed that fraction A could colonize the recipient gonads, while fraction B could not. In the mouse, differentiating spermatogonia are known to be incapable of colonization after transplantation [36] . These facts suggested that the weaker GFP-positive cells (fraction B) contained mainly type B spermatogonia, while the stronger GFP-positive cells (fraction A) contained mainly type A spermatogonia-that is, the fractions showing strong vasa gene expression contained mainly type A spermatogonia. Fractions C and D, which contained cells with diameters of 5-7 lm, expressed the spermatocyte marker rt-scp3. Furthermore, the isolated cells were similar in size to the spermatocytes observed in the tissue section. These results indicated that fractions C and D contained spermatocytes. The fact that the GFP-negative cells in fraction E expressed the spermatid marker rt-shippo1 and the somatic-cell marker gsdf suggested that this fraction contained spermatids and somatic cells. The majority of the isolated cells from fraction E had diameters less than 5 lm, indicating that the fraction contained mainly spermatids, although some had diameters of approximately 7 lm and were predicted to be somatic cells.
Our study demonstrates that GFP-dependent FCM using pvasa-GFP rainbow trout testes is a powerful method to isolate different types of spermatogenic cells. Although this technique is restricted to transgenic fish carrying pvasa-GFP, it has the advantage that the dissociated testicular cells can be directly subjected to FCM without the need for any complex preparation. The simplicity of this process is valuable when isolating cells for in vitro culture and transplantation. One potential concern when using germ cells isolated by FCM is the potential for the target cells to sustain physical damage during the sorting procedure. However, our transplantation experiments revealed no differences in colonization activity between the FCM-purified testicular cells and intact germ cells (data not shown). Thus, the isolated germ cells can be used for in vitro culture and transplantation without significant damage. In addition, isolating spermatogenic cells based on vasa expression (GFP intensity), using cell size (forward scatter) and granularity (side scatter), might improve the purity. Moreover, traditional FCM analysis of testicular tissues provides histograms of cells according to their DNA content using staining DNA fluorescence, such as Hoechst 33342. The stained cells are discriminated into three main fractions: haploid (spermatids, spermatozoa, and spermatocytes), diploid (spermatogonia and somatic cells), and tetraploid (spermatocytes). By using a combination of this method of DNA content quantification and GFP-dependent methods, it will be possible to isolate even more purified populations of each type of germ cell.
Isolated testicular cells can be used to elucidate the molecular and physiological systems of spermatogenesis through a range of methods, including transcriptome analysis, proteome analysis, in vitro culture, and transplantation assay. In particular, the in vitro culture of specific cell types will be important to identify the critical factors that control proliferation and development during spermatogenesis. Additionally, isolating stage-specific cell populations, especially pure spermatogonia, could help to establish spermatogenic cell lines in rainbow trout.
In this study, the spermatogonia from 16-mo-old meiotic testes (fraction A) showed similar colonization activity to those from 7-mo-old immature testes containing only type A spermatogonia (control). These data suggested that the SSCs in meiotic testes did not alter their transplantation ability without being affected by secretion factors and the microenvironment in maturating testis. As fish testes have a unique mechanism for spermatogenesis compared with mammals [2, 6] , it will be of particular interest to investigate SSCs and their environment in fish using GFP-dependent FCM and transplantation experiments.
